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The brain has been shaped by evolution, and its connectome reflects that history. Comparative neuroscience
research, framed by evolutionary relationships, is key to interpreting connectome organization and can
address fundamental circuit questions that are not accessible through single-species connectomics efforts.Our understanding of nervous system
connectivity is built on foundational neural
circuit research in lampreys, lobsters, sea
slugs, zebra finches, and a wide array of
other taxa. Neuroscientists have plumbed
biological diversity to find systems that
are simplified, specialized, and/or acces-
sible in ways that are conducive for circuit
dissection. Rhythm-generating circuits
have been defined and probed through
work in systems, including the axial
bending spinal circuits of the lampreys
(genus Petromyzon) and frogs (Xenopus)
(reviewed by Grillner, 2003 and Roberts
et al., 1998, respectively) and the stoma-
togastric ganglion of crabs (Cancer)
and lobsters (Homarus and Panulirus)
(reviewed by Marder and Bucher, 2007).
Reflex circuits in the sea hare (Aplysia
californica) (e.g., Frost et al., 1985) and
the song circuits of zebra finches (re-
viewed by Brainard and Doupe, 2002)
have provided fundamental insight into
learning and memory, and much earlier,
the circuit anatomy described by Ramo´n
y Cajal, performed across a diverse
array of vertebrates and invertebrates
(reviewed by Sotelo, 2003), began it all.
In recent decades, genetic and mole-
cular approaches have provided rich
resources for dissecting circuit structure
in model organisms, and the focus of
research has moved overwhelmingly to
these species. In these genetic models
(particularly mouse, fruit fly, zebrafish,
and nematode), the neuroscience com-
munity has had unmatched access to
the nervous system that has provided
tremendous opportunities for research.
The ability to probe the nervous system
in genetic model species has made it
possible to dissect circuits at the level of1256 Neuron 83, September 17, 2014 ª2014gene and molecule and further deepen
exploration of circuits and the neural basis
of behavior (e.g., Arenkiel et al., 2007;
Kinkhabwala et al., 2011). Burgeoning
work in models, along with methodolog-
ical advances developed in tandem, has
helped to motivate efforts to reconstruct
connectomes.
This early stage of connectomics
research is an important time to consider
anew the roles of comparative neuro-
science in exploring brain circuits and
their functions. Advances in our under-
standing of neural circuits in genetic
model organisms and in methodologies
for nervous system research provide
important opportunities for compara-
tive work. Of particular importance for
comparative research is the ability to
adapt genetic approaches from models
for use in nonmodel organisms. Rapid
and inexpensive genomics and the devel-
opment of genetic and molecular tools
in a range of species (e.g., Sasaki et al.,
2009; Chen et al., 2013) are expanding
opportunities for new directions and
research strategies in the field. Such
methods support the next generation
of comparative neuroscience that will
continue to answer important questions
in neuroscience through work in non-
model organisms and will inform connec-
tomics efforts in models.
One of the important roles of compara-
tive systems is to provide windows into
alternative structures and functions of
nervous systems. While extraordinarily
valuable, genetic model species have
their own limits for neurobiological
research, in part due to the criteria that
make them so amenable for study. By
selecting species that can reasonably beElsevier Inc.cultured in laboratories (that have rapid
generation times, small body size, and
other aspects of life history and social
structure that are conducive to housing
in the laboratory), researchers have
selected against alternative brain func-
tions and behaviors. Many aspirations in
neuroscience, such as understanding
brain function in natural or naturalistic be-
haviors or in complex social interactions,
may not be best addressed in these taxa
or in laboratory environments. In addition,
genetic model species, like any small se-
lection of organisms, represent a limited
range of functional capacity. Access to
diversity and to extreme and/or unusual
abilities in sensory, motor control, and
movement systems can provide impor-
tant insight for bioinspired engineering
(e.g., MacIver et al., 2004; Vaidyanathan
et al., 2011). For example, fish that use
electric fields to sense objects in the
environment around them are inspiring
sophisticated sensory systems for under-
water robotic devices (MacIver et al.,
2004), and cockroach startles circuits
are informing vehicle control systems
(Vaidyanathan et al., 2011).
Increased representation of nervous
systems will also help to contextualize
the data that models provide. With so
few exemplar species, it is difficult to
assess which aspects of brain structure
and function of genetic model organisms
are generalizable and which are specific
to those taxa chosen as models. The
organization and function of brain circuits
are not engineered de novo following
optimal design principles but reflect
their past and carry historical artifacts
that have been accumulated throughout
hundreds of millions of years of evolution.
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nectomes have arisen in their current
form requires an appreciation of how
they change through evolutionary time.
Although sometimes presented as exam-
ples of primitive states, the neural circuits
of nonmammal models, such as zebrafish
or frogs, cannot be assumed to represent
a precursor condition. A comparative
view is essential for determining which
features are fundamental and shared
broadly across taxa and which are unique
specializations in a particular species or
group.
Circuit comparisons across a greater
range of taxa and scaffolded by the phy-
logeny (evolutionary tree) that connects
them make it possible to infer the pro-
cesses of circuit change and relate them
to function. Phylogenetic trees provide a
natural framework on which neural circuit
data can be aggregated and analyzed.
Using phylogenetic character mapping
approaches, we can identify likely points
where there were transitions or innova-
tions in nervous system structure and
test for association of change in structure
with change in function. Such compari-
sons rely on knowledge of how circuit
elements are related and on the estab-
lishment of homology (shared ancestry)
among structures across organisms.
Evolutionary comparison of homologous
circuit structures has been informative in
a number of invertebrate systems and
used effectively to explore how behaviors
have arisen and diversified (e.g., Katz,
2011). Such work is also possible in verte-
brates. The Mauthner cells (M-cells), a
pair of large, individually identifiable neu-
rons in the hindbrain of the most aquatic
vertebrates that drive startle behavior,
havemade it possible to examine the star-
tle circuit comparatively. Their persis-
tence as identifiable homologous cells
through approximately a half-billion years
into present-day taxa anchors compari-
sons of structure, function, and evolution
of other circuit elements and has made it
possible to identify key transitions in the
evolution of this system (Bierman et al.,
2009), including circuit innovation that ap-
pears coincident with the evolution of the
modern body fishes, a group that includes
nearly half of vertebrate taxonomic di-
versity. In an example from mammalian
systems, Dugas-Ford et al. (2012)
recently demonstrated strong supportfor Karten (1969)’s hypothesis for ho-
mology of mammalian layer four and
five neocortical neurons with neurons in
alternative organizations in birds and rep-
tiles. These data help to build an under-
standing of how mammalian cortical
layers and circuits arose and the architec-
ture of their connections to other brain
regions.
In addition to clarifying the process of
change in a biological system, a broad
sample of nervous systems across phy-
logeny allows us to identify incidences
of independent evolution. Circuits with
similar functions that have arisen inde-
pendent of one another provide a unique
opportunity to explore alternative ap-
proaches to neural circuit construction
and the significance of a circuit innova-
tion. For example, mapping swimming
characters onto the phylogeny of sea
slugs demonstrated that swim circuits
have independently reconfigured multiple
times to evolve comparable swimming
behavior, demonstrating alternative ap-
proaches to generating a given function
and providing a system in which to
explore motor variation (Katz, 2011). In
another example, Lui et al. (2011) illustrate
high levels of variability in neocortical
folding within clades of mammals. Many
groups include species with extensive
folding and others with a relatively smooth
neocortex surface. They use this mapping
and interspecies comparisons to examine
the underlying developmental processes
that generate neocortical organization
and expansion.
With the total number of animal spe-
cies predicted to be around 7.7 million,
and well over a million already described
(Mora et al., 2011), the opportunities for
comparative studies of nervous systems
are vast. Choosing species for compara-
tive research involves consideration of a
number of criteria, such as whether they
are functionally compelling, allow access
to specialized systems, offer an impor-
tant contrast to systems under inves-
tigation, are from phylogenetically im-
portant lineages, and/or are accessible
and feasible as a research subject. While
acknowledging that the depth of work on
model species would be impractical to
replicate broadly, increased focus on a
species by a community of researchers
enhances methods development, collab-
oration, and debate. RecommendingNeuron 83, Sepconsideration of such nonmodel focal
research taxa, Striedter et al. (2014) intro-
duced the concept of the reference spe-
cies, a species that, while not receiving
the extent of attention given to model
species, would be a focus of research.
Phylogenetic position might be one of
many factors determining reference spe-
cies choice. It would be important for
candidate reference species to be pro-
posed by the community and of interest
to many researchers so that significant
data and methodological developments
could be accumulated. Data collection
and management would require coor-
dination with work in other taxa so that
links between groups, and ultimately
integration of data sets, could be
performed.
Research across a range of species
will benefit from techniques and techno-
logies that are easily transferred among
organisms. Imaging techniques, which
provide the major methodological ap-
proach to connectomes, are in many
ways species neutral. Many imaging
tools, including magnetic resonance
imaging, light microscopy, and electron
microscopy, that have been employed
to map connectomes at macro, meso,
and micro levels in model taxa are also
providing important opportunities for non-
model taxa. Consideration of how imag-
ing could be adapted and applied with
diverse brains of different scales and me-
chanical properties would facilitate inter-
species comparisons.
Approaches such as imaging at the
light and electron microscopic levels
are relatively easily transferred across
species, but as Bargmann and Marder
(2013) have emphasized, data on neu-
ronal dynamics and neuromodulation
are essential for understanding connec-
tomes. Physiological and other functional
comparative studies are arguably more
difficult to mount than imaging, due to
additional complications of working with
live tissue and, in some cases, whole in-
strumented organisms. Generally, tech-
nologies developed for functional studies
are designed for particular species or are
only transferrable in limited contexts (ex-
amples include behavioral tracking sys-
tems and approaches requiring probes
developed to target genes or gene prod-
ucts of specific species). As technologies
develop, consideration of how to designtember 17, 2014 ª2014 Elsevier Inc. 1257
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flexible for use in diverse organisms, hab-
itats, and behavioral repertoires would
improve the capacity for work in compar-
ative contexts.
Conclusion
There are many benefits to integrating
connectome and comparative efforts as
detailed mapping of brain circuits con-
tinues. Evolutionary and nonmodel organ-
ism research provides historical perspec-
tives on connectome organization and
opportunities to better understand struc-
ture-function relationships in models.
The extensive data on circuits that model
organisms provide are an important
resource for comparisons. With greater
use of model system approaches in non-
model organisms and further develop-
ment of transferrable tools, we can also
efficiently and significantly deepen the
capabilities for research in nonmodel
organisms. By applying such tools and
techniques to nonmodel organisms, we
can better leverage a wide array of animal
morphologies and functions to explore
the diversity of animal life, inspire engi-
neered circuits and devices, and better
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